Solanum aethiopicum, Solanum melongena, R oot Exudate, Sesquiterpenoid, Antifungal Activity Five known sesquiterpenoids, solavetivone, lubimin, lubiminoic acid, aethione and lubiminol were isolated from the root exudates recovered from Solanum aethiopicum by a newly proposed method using charcoal. Quantitative analysis of the sesquiterpenoids in the root exudates of S. aethiopicum and S. melongena suggested that relatively large amounts of the sesquiterpenoids were exuded from the roots. Antifungal activity of the sesquiterpenoids against Fusarium oxysporum and Verticillium dahliae was also examined.
Introduction
Chemical studies on the constituents of the roots of solanaceous rootstocks have been con ducted in order to reveal their resistance against soil-borne pathogens (Nagaoka et al., 1987 (Nagaoka et al., , 1993 (Nagaoka et al., and 1995 Yoshihara et a l, 1988a and 1988b) . Wild relatives are often used as mating sources of resis tant cultivars as well as rootstocks in solanaceous plants. Solanum aethiopicum L., one of the wild relatives, is resistant against soil-borne pathogens such as Fusarium oxysporum f. sp. melongenae, Verticillium dahliae and Ralstonia solanacearum, and is utilized as a rootstock and a source of resis tance against R. solanacearum (Ano et al, 1991) . In a previous study (Nagase et a l, 2001) , nine sesquiterpenoids (1-9) were isolated from the roots of S. aethiopicum. These vetispirane-type sesquiterpenoids are known as the phytoalexin of Solanaceae. Sesquiterpenoids in the root exudates of S. aethiopicum were investigated to estimate their effects on soil-borne plant pathogens existing in rhizospheres.
This report deals with the isolation of five sesquiterpenoids, solavetivone (1), lubimin (5), lubiminoic acid (7), aethione (9) and lubiminol (1 0 ) from the root exudates of S. aethiopicum, which were recovered by a newly proposed method using charcoal. Comparative quantifica tion of sesquiterpenoids in the roots and the root exudates of S. aethiopicum and S. melongena was carried out by GC-MS. Antifungal activities of the sesquiterpenoids against F. oxysporum f. sp. melongenae and V dahliae were also examined.
Results and Discussion
Lipophilic exudates from the roots of S. aethio picum were adsorbed to charcoal by cultivating the plants in pots filled with a charcoal-vermiculite mixture. The mixture detached from the roots af ter cultivation was eluted with ethanol and ethyl acetate to recover the lipophilic exudates contain ing sesquiterpenoids. The ethanol eluate and the ethyl acetate eluate were evaporated and ex tracted with the ethyl acetate. Chromatographic purification of ethyl acetate extracts gave five sesquiterpenoids (1, 5, 7, 9 and 10) . The XH and MS spectral data of these sesquiterpenoids were identical to those of solavetivone (1) (Coxon et al., 1974) , lubimin (5) (Katsui et al., 1977; Ewing, 1990) , lubiminoic acid (7), aethione (9) (Nagase et al., 2001 ) and lubiminol (10) (Katsui et al., 1977; Ewing, 1990) . These sesquiterpenoids except 10 have been isolated from the roots of S. aethiopi cum (Nagase et al., 2001) . This newly proposed procedure seems to be available for the recovery of lipophilic exudates from roots, and is much sim pler and easier than the method of Tang and Young (1982) . Application of this method to other plants and other-type compounds should be fur ther investigated. In addition, the absolute config urations of 7 and 8 , which have been presumed in a previous study (Nagase et al., 2001) , were con firmed by comparing their specific rotations with 708 those of 7 and 8 converted from 5 and 6 with so dium chlorite, respectively.
Selected sesquiterpenoids (1, 2, 5, 9 and 10) in the roots and the root exudates of S. aethiopicum grown in the field and the greenhouse were quan tified by GC-MS to roughly estimate their contents in different growth conditions. The sesquiterpenoid contents of the roots and the root exudates of S. melongena (cultivar: Senryo), which is susceptible to F. oxysporum f. sp. melongenae and V. dahliae, were also analyzed to assess the differences between species. Both plants were cul tivated in the field and in pots filled with a char coal-vermiculite mixture, and the roots were col lected after cultivation, and then the root exudates were recovered from the charcoal-vermiculite mix ture. The results are summarized in Table I . The sesquiterpenoid contents of the root exudates were calculated as mg per kg of harvested roots to contrast with those of the roots. The sesquiterpen oid contents of the roots in the field were far larger than those in the greenhouse, suggesting that soil environments, especially soil microbial properties, affect the generation of sesquiterpenoids. The roots of S. aethiopicum and S. melongena grown in the field accumulated considerably greater amounts of solavetivone (1) and lubimin (5), respectively, while the contents of the roots in the greenhouse exhibited no differences between spe cies. Yoshihara et al. (1988) described similar re sults in their comparative study on sesquiterpenes in the roots of resistant rootstock (S. melongena x S. integrifolium) and S. melongena (cultivar: Senryo). The sesquiterpenoid contents of the root exudates were quite larger than those of the roots. This indi cates that the roots of Solanum plants exude a rel atively large quantity of sesquiterpenoids, which have possible effects on microorganisms including soil-borne pathogens in the rhizospheres. Lubimin (5) was the major component of the sesquiterpen oids in the root exudates of both plants, and seems to exist mostly in the root exudates of S. aethiopi cum rather than S. melongena, although degrada tion and transformation of the sesquiterpenoids by soil microorganisms are not considered. Adsorp tion of the sesquiterpenoids to charcoal possibly reduces the bioavailability to degraders. To recover the sesquiterpenoids from the root exudates on a small scale, cultivation of S. aethio picum and S. melongena was examined in test tubes filled with a charcoal-vermiculite mixture for two weeks. The amounts of sesquiterpenoids re covered from the roots and the root exudates in the test-tube experiments were enough to analyze by GC-MS (Table II) . The results were similar to the pot experiments as mentioned above, except that the sesquiterpenoid contents in the root exu dates of S. melongena were greater than those of S. aethiopicum. These data provided no obvious relationship between resistance against soil-borne pathogens and sesquiterpenoids in the root exu dates. Desjardins et al. (1995) suggested that the dry rot resistance of the potato tuber did not cor relate with the concentrations of sesquiterpenes elicited by arachidonic acid. Quantitative evalua tion of the sesquiterpenoids in the root exudates of Solanum plants should be further studied.
In spore germination tests, all the tested com pounds showed antifungal activity against F. oxysporum and/or V. dahliae at 100 //g/ml (Table III) . The structure-activity relationship in the case of F. oxysporum was different from that in the case of V. dahliae. Compounds 1, 3, 5 and 6 possess stronger activty against F. oxysporum than 2, 4 and 9, but compounds 7 and 8 do not. The inhibitory effects of lubimin (5) and epilubimin (6 ) on spore germination of F. oxysporum would be attributed to the formyl group. All the compounds except 3 exhibited antifungal activity against V. dahliae, and compounds 1, 2 and 4 gave especially strong activi ties. The isopropenyl group of the sesquiterpen oids may be essential to inhibit spore germination of V. dahliae. The antifungal activity of solavetivone (1) and anhydro-ß-rotunol (4) against vari ous fungi in spore germination tests has been re ported by Harris and Dennis (1976) . Solavetivone (1) and lubimin (5) restrained ra dial growth of F. oxysporum, but stimulated the growth of V. dahliae at 50 and 100 //g/ml as shown in Table IV . Apparently, these compounds pro duced several effects on soil-borne pathogens.
Experimental

General experimental procedures
NMR: Bruker AM X-500 instrument, 500 MHz (*H NMR) and 125 MHz ( 13C NM R) in CDC13. MS: JE O L JM S-A X500 and JE O L JM S-SX102A 
Recovery o f root exudates
The plants of S. aethiopicum L. were grown in small pots (0.5 1) filled with peatmoss and perlite (2:1 v/v) for two months in the greenhouse at 20°C on average. After the pot cultivation the plants were transplanted to 25 pots filled with 2 1 of a mixture of charcoal and vermiculite (1:3 v/v), and cultivated for a month. Liquid fertilizer was used as a nutrient source. The mixtures of charcoal and vermiculite were carefully separated from the roots of S. aethiopicum in a plastic container filled with tap water after the cultivation. The recovered mixture of vermiculite and charcoal (501) was halved and put into two stainless steel columns (diameter, 39 cm; height, 39 cm). Each steel col umn has a sieve of 1 mm at 5 cm from the bottom, and a drain-pipe plugged with absorbent cotton on the lowest side. Each mixture of charcoal and vermiculite (25 1) was rinsed with 12.5 1 of water, and eluted sequentially with 12.5 1 of EtOH , an other 12.5 1 of EtO H and 12.5 1 of EtOAc. Each eluate was evaporated to dryness in vacuo, and extracted with 100 ml of EtO A c three times after the addition of 100 ml of distilled water. The EtO A c extracts dried over Na2S 0 4 were concen trated to dryness, and gave the E -l fraction from the first EtO H eluate, the E-2 fraction from the second EtOH eluate and the E-3 fraction from the EtO A c eluate. The E-3 fraction combined with the E-2 fraction, called the E S fraction, was used for isolation of the sesquiterpenoids, since the TLC analysis of these fractions suggested that the sesquiterpenoids were mainly included in the E-3 fraction, and a small amount of sesquiterpenoids was in the E-2 fraction.
Isolation
The ES fraction (468 mg) from 25 plants was subjected to CC on silica gel and sequentially eluted with CHC13 and CHCl3-M eO H (97:3 v/v) to yield 15 fractions (Fr. 1 -1 5 ). Compounds 1 (5.2 mg), 5 (32.0 mg), 7 (0.6 mg), 9 (1.2 mg) and 10 (0.7 mg) were isolated from Fr. 6 , Fr. 8 , Fr. 14, Fr. 10 and Fr. 14 by further chromatography, respec tively. A bioautographic technique according to Homans and Fuchs (1970) was used with F. oxy sporum f. sp. melongenae for the detection of anti fungal sesquiterpenoids. Anisaldehyde-H2S 0 4 was also used as a spray reagent on TLC chromato grams to detect sesquiterpenoids. The NMR spectral data are not shown.
Solavetivone ( 
Chemical conversions
Sesquiterpenes 5 and 6 isolated from the roots of S. aethiopicum in a previous study (Nagase et al., 2001) were used for their oxidation to 7 and 8 .
Oxidation o f 5 to 7: An aq. soln. of NaC102 (20 /^mol) was added slowly to the soln. of 5 (2 mg, 8.5 /*mol) in 0.4 ml of r-BtOH containing 2-methyl-2-butene (50 //mol) plus 0.1 ml of aq. NaH2P 0 4 (10 //mol), and reacted at room temp, for 1 hr. (100); The *H and 13C NMR spectra of 7 agreed with those of 7 iso lated in the previous study (Nagase et al., 2001) .
Oxidation o f 6 to 8 : Compound 6 (2.4 mg, 10 ^ mol) was oxidized with NaC102 in the same way as described in the oxidation of 5, and purification of the reacted product yielded 8 (1.6 mg). Data for 
Pot cultivation
Plants of S. aethiopicum L. and S. melongena L. (cv. Senryo) were cultivated in pots filled with a mixture of charcoal and vermiculite, and the sesquiterpenoids were recovered from the mixture in the same way as described for the recovery of root exudates. Yields of the E S fractions from the root exudates of S. aethiopicum and S. melongena were 518 mg and 745 mg per 25 pots, respectively. Separated fresh roots of S. aethiopicum (0.56 kg) and S. melongena (0.8 kg) were extracted with 70% EtOH (3 1). Each extract was filtered and evaporated to 200 ml in vacuo. The aq. soln. was extracted with 200 ml of E t20 three times, and the E t20 extracts dried over Na2S 0 4 were concen trated to dryness in vacuo. Small amounts of the ES fractions from the exudates and the E t20 ex tracts from the roots were dissolved in EtO A c at 0.2 mg/ml for GC-MS analysis.
Field cultivation
The plants of S. aethiopicum L. and S. mel ongena L. (cv. Senryo) grown in the greenhouse for two months were transplanted to the field in the Agricultural Experimental Farm of Hokkaido University. Fresh roots (1 kg) of the plants grown in the field for three months were collected and extracted with 70% EtO H (5 1). The EtO H ex tracts were evaporated to 400 ml, and extracted with an equal volume of E t20 three times. The E t20 extracts dried over Na2S 0 4 were concen trated to dryness, and the residues were dissolved in adequate volumes of EtOAc and diluted to 0.1 mg/ml in EtO A c for GC-MS analysis.
Test tube experiment S. aethiopicum L. and S. melongena L. (cv. Sen ryo) were grown in small pots filled with vermicu lite (100 ml) at 25 °C in an incubator. After four weeks the plants were transplanted to test tubes for plant culture (2.5 cm i.d. x 10 cm) containing a charcoal-vermiculite mixture (30 ml) for 1 plant per tube, and grown at 25 °C for 2 weeks in the incubator. Liquid fertilizer was used as a nutrient source. Each charcoal-vermiculite mixture was carefully detached from the roots in a beaker filled with distilled water after the cultivation. The de tached mixture was collected on a filter paper af fixed to a funnel, rinsed with 30 ml of water, and eluted successively with 30 ml of EtO H and EtOAc. The EtO H and EtOAc eluate were com bined, evaporated, and extracted with 1 0 ml of EtO A c three times. The EtO A c extracts dried over Na2S 0 4 were concentrated to dryness in vacuo, and dissolved in 2 or 5 ml of EtO A c for GC-M S analysis. Fresh roots removed from the charcoal-vermiculite mixture were extracted with 25 ml of 70% EtO H , and then the extracts were evaporated and extracted with 15 ml of EtO A c three times. The EtO A c extracts were dissolved in 2 ml of EtO A c after evaporation. All treatments were performed with three replicates.
GC-MS analysis
The samples were analyzed in full-scan mode with a Finnigan-MAT GCQ gas chromatographmass spectrometer equipped with a capillary col umn of D B-17 (0.25 mm i.d. x 30 m; film thickness, 0.25 [A . m; J& W Scientific, Folsom, U SA ). The col umn oven was held at 120 °C for 1 min, heated to 210 °C at 10 °C/min and then held at 210 °C for 5 min. The column oven was then heated to 250 °C at 10 °C/min and held at 250 °C for 11 min. Flow rate of He gas as a carrier was 1 ml/min. In jector and ion source temperatures were 250 and 200 °C, respectively. Ionization was done by elec-tron ionization (E I). Scanning range and rate were m/z 5 0 -3 0 0 and one time per second, respectively. Under these conditions, the sesquiterpenoids had the following retention times: 1, 11.54 min; 2, 13.18 min; 5, 14.14 min; 9 , 12.30 min; 1 0 , 16.22 min. Quantification of 1 , 2, 5, 9 and 10 was carried out by monitoring the selected ions at m/z 190, 176, 236, 222 and 220 in the full-scan data, respectively. The external standard solutions of 1, 2, 5, 9 and 10 at 2, 4, 6 , 8 and 10 //g/ml were prepared using compounds isolated from the root exudates and roots of S. aethiopicum.
Bioassay on spore germination
Sesquiterpenoids ( 1 -9 ) isolated from the roots of S. aethiopicum in a previous study (Nagase et al., 2 0 0 1 ) were used for spore germination tests. The spores of F. oxysporum f. sp. melongenae and V dahliae were harvested by irrigating each indivi dual culture grown in potato dextrose agar (PDA) slants with 10 ml of sterile distilled water. The spores collected by filtration with gauze and cen trifugation were suspended in 1 ml of sterile dis tilled water for spore germination tests. Each sesquiterpenoid ( 1 -9 ) was dissolved in 0.4% glucose/EtOH (9:1 v/v) at a concentration of 200 /ugl ml. Equal volumes of a spore suspension and a sesquiterpenoid soln. were mixed, and 4 /A of the mixture was pipetted onto a microscope slide. Each slide was put into a Petri dish, and incubated at 25 °C for 20 h in the dark. Moistened filter pa pers were affixed to the inside of the lid and the bottom of the Petri dish to maintain humidity. A f ter incubation, the percentage of germinating spores was determined, and the percentage con trol of spore germination was calculated by com paring with germination in the absence of the test compounds. All treatments were duplicated.
Bioassay on radial growth
Two sesquiterpenes (1 and 5) were dissolved in EtO H at both 5 and 10 mg/ml, and applied to the bioassay. Each sesquiterpene soln. (20 /u\) was mixed with 2 ml of PDA medium in a small test tube and then transferred to a Petri dish (5 cm in diameter). Mycelial blocks of F. oxysporum f. sp. melongenae and V. dahliae were excised from the growing margins of each individual PDA plate with a cork borer (5 mm in diameter), and placed in the center of plates containing the sesquiter penes. The inoculated plates were incubated at 23°C in the dark for 4 days in the case of F. ox ysporum, and for 14 days in the case of V. dahliae. After the incubation radial growth on the sesqui terpene-amended media was measured, and di vided by the radial growth of the control to pro vide the percentages of growth. All the procedures were duplicated.
